To examine how delay-period activity participates in the decision of a saccade direction, we analyzed prefrontal activity while monkeys performed 2 tasks: oculomotor delayed-response (ODR) and selfselection ODR (S-ODR) tasks. In the ODR task, monkeys were required to make a memory-guided saccade to the cue location after a 3-s delay. In the S-ODR task, 4 identical visual cues were presented simultaneously during the cue period and monkeys were required to make a saccade in any one direction after the delay. Delay-period activity was observed in both tasks in the same neuron with similar directional preferences. Neurons with delayperiod activity were classified into several groups based on the temporal pattern of the activity itself and of the strength of the directional selectivity. Among these, neurons with an increasing type of delay-period activity with persistent directional selectivity throughout the delay period in the ODR task also showed directional delay-period activity in the S-ODR task. These results indicate that an increasing type of delay-period activity, which is thought to represent motor information, plays an important role in generating and enhancing directional bias in the S-ODR task and therefore contributes significantly to the decision process of the saccade direction in the S-ODR task.
Introduction
Decision making can be described as a process of response selection in which animals choose a particular action among several alternatives. The ability to make rational decisions in complex environments is a crucial higher brain function. A number of electrophysiological and brain imaging studies have shed light on the role of the dorsolateral prefrontal cortex (DLPFC) in decision making (Kim and Shadlen 1999; Barraclough et al. 2004; Lau et al. 2004) . Using an oculomotor delayed-response (ODR) paradigm, we have studied neural components that may reflect the decision process of the saccade direction in the DLPFC by comparing task-related activity between ODR and S-ODR tasks (Watanabe et al. 2006 ). In the self-selection ODR (S-ODR) task, 4 identical visual cues were presented simultaneously during the cue period and monkeys were required to choose 1 out of 4 directions for the saccade after a 3-s delay period. We found that cue-period activity observed in the ODR task lost its directional selectivity in the S-ODR task. In addition, presaccadic activity showed very similar directional selectivity in the ODR and S-ODR tasks. Temporal coupling between the onset timings of presaccadic activity and saccadic latencies was observed in both tasks. Based on these results, we concluded that cue-period activity and presaccadic activity are not directly related to the decision process of the saccade direction in the S-ODR task (Watanabe et al. 2006) . On the other hand, delay-period activity observed in the ODR task showed differential activation in the S-ODR task depending on the directions of forthcoming saccades. The strength of the directional selectivity gradually increased during the delay period in the S-ODR task. These results suggest that neurons showing directional delay-period activity in the ODR task are the principal neuronal component of the decision process of the saccade direction in the S-ODR task.
In the present study, we further examined the contribution of delay-period activity to the decision process of the saccade direction in the S-ODR task. Previous studies have indicated that delay-period activity observed in the DLPFC is divided into several types, such as activity representing the sensory nature of the stimulus or the motor aspect of the required response (Niki and Watanabe 1976; Quintana et al. 1988; Fuster 1992, 1999; Funahashi et al. 1993; Hasegawa et al. 1998; Takeda and Funahashi 2002) . Moreover, there seems to be correspondence between the temporal pattern of delay-period activity and its functional role, such that an increasing type of delayperiod activity tends to represent motor or prospective information, whereas a decreasing type of delay-period activity tends to represent sensory or retrospective information (Kojima and Goldman-Rakic 1982; Fuster 1992, 1999; Takeda and Funahashi 2002) . Based on these results, we hypothesized that, among neurons showing directional delayperiod activity in the ODR task, groups of neurons showing particular characteristics of delay-period activity are the source of the gradual increase of the strength of the directional selectivity during the delay period in the S-ODR task, thus playing a crucial role in the decision process of the saccade direction in the S-ODR task. In this study, we classified directional delay-period activity observed in the ODR task based on 2 criteria: the temporal pattern of the strength of the directional selectivity and the temporal pattern of the delayperiod activity itself. Then, we examined which group of neurons also exhibited directional delay-period activity in the S-ODR task. Preliminary results have been published in abstract form (Watanabe and Funahashi 2005) .
Materials and Methods

Subjects and Apparatus
Two male macaque monkeys (monkey R,~9 kg; monkey Z,~8 kg) used in this study were the same as those reported previously (Watanabe et al. 2006) . The experimental apparatus and the surgical method have also been described in detail (Watanabe et al. 2006) . Briefly, during training and recording sessions, the monkey was seated in a primate chair in a dark sound-attenuated room. The monkey's head movement was restricted by a head holder. Visual stimuli were presented on a 21-inch CRT monitor (Eizo Flex Scan, Nanao, Japan) placed in front of the monkey. Eye movements were monitored by a magnetic search coil technique. All experiments were controlled by 3 laboratory computers using TEMPO software (Reflective Computing, Olympia, WA) . All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. This experiment was approved by the Animal Research Committee at the Graduate School of Human and Environmental Studies, Kyoto University.
Behavioral Tasks
We used 2 ODR tasks in this study: an ordinary ODR task and the freechoice version of the ODR task (S-ODR task). In the ODR task, monkeys were required to make a memory-guided saccade after a 3-s delay to the location where a visual cue had been presented. The temporal order of task events is illustrated in Figure 1A (left). Each trial began with the appearance of a fixation point (FP; a small white circle, 0.5°in visual angle) at the center of the monitor. After the monkey looked at the FP for 1 s, a visual cue (white circle, 1°in visual angle) appeared for 500 ms (cue period) at 1 of 4 predetermined peripheral locations (0°, 90°, 180°, or 270°; 17°eccentricity, see Fig. 1B ). The location of the visual cue varied randomly. Occasionally we used 8 peripheral locations for cue presentation by adding 4 diagonal locations (45°, 135°, 225°, or 315°). Monkeys were required to maintain fixation at the FP until the end of the 3-s delay period. At the end of the delay period, the FP was extinguished and monkeys were required to make a saccade within 400 ms (response period) to the location where the visual cue had been presented. A drop of juice was given as a reward for a correct saccade. Each recording session always started with a block of 50--100 ODR trials to examine whether a neuron showed task-related activity for any task event and was followed by a block of 50--100 S-ODR trials.
In the S-ODR task, monkeys were required to choose the saccade direction by themselves. The temporal sequence of the S-ODR task (Fig.  1A, right) is basically the same as in the ODR task, except that 4 identical visual cues (white circle, 1°in diameter) were presented simultaneously around the FP (0°, 90°, 180°, and 270°; upright version) during the cue period. Occasionally, depending on the preferred direction of a recorded activity, we used a diagonal version of the visual cue locations (45°, 135°, 225°, and 315°, see Fig. 1B ). Either the upright or the diagonal version of the visual cue locations was used in a single block of the S-ODR task. Monkeys received the same amount of juice as a reward as that in the ODR task, whichever direction they chose as a saccade target. In this task, monkeys often chose one particular direction repeatedly. To avoid repetition of saccades in the same direction, we stopped giving rewards after the monkey chose the same saccade direction 4 times (i.e., repetitive saccades in the same direction were allowed up to 4 times). This forced the monkey to select another saccade direction.
Data Collection
We recorded single-neuron activity from the cortex within and surrounding the principal sulcus. The area of the recording in the DLPFC was initially determined by the magnetic resonance imaging (MRI) pictures of the brains of each monkey taken at the National Institute of Physiological Sciences, Japan. We used glass-coated Elgiloy microelectrodes (0.5--2.0 MX at 1 kHz) for recording single-neuron activity. An electrode was advanced with a hydraulic microdrive (MO-95, Narishige, Tokyo). Raw neuron activity was amplified using an amplifier (DAM80, WPI, Sarasota, FL) and monitored on an oscilloscope (SS-7802, IWATSU, Tokyo) and an audio monitor. During experiments, we isolated single-neuron activity from raw activity using a window discriminator (DIS-1, BAK Electronics, Mount Airy, MD) and monitored the isolated single-neuron activity together with raw activity using an oscilloscope (SS-7802, IWATSU). Single-neuron activity and task events were stored as a data file in a laboratory computer. We first monitored and recorded single-neuron activity during the ODR task. If task-related activity was observed for any task event of the ODR task, we recorded the activity of the same neuron during the S-ODR task.
Analysis of Directional Selectivity of Delay-Period Activity
Among the various task-related activities observed in the ODR task, we focused on the directional delay-period activity. A statistical analysis was conducted to determine whether directional selectivity was present or absent in delay-period activity. First, to obtain the baseline discharge rate of a neuron, the mean discharge rate was calculated during the last 800 ms of the fixation period for each cue condition. We then calculated the mean discharge rate during the 3-s delay period for each cue condition. If the mean discharge rate during the delay period significantly differed from the baseline discharge rate (Mann--Whitney U-test, P < 0.05), the neuron was considered to have delay-period activity. For neurons with delay-period activity, we examined whether delay-period activity was directionally selective by comparing mean discharge rates during the delay period across all cue conditions by 1-way analysis of variance (ANOVA). If the difference was significant (P < 0.05), delayperiod activity was considered to show directional selectivity. In this study, we referred to the activity recorded during the ODR task to determine whether a neuron had directional delay-period activity. The maximum and minimum response directions of delay-period activity were also determined on the basis of the activity during the ODR task, unless mentioned otherwise. The maximum and minimum response directions refer to the cue directions for which the highest and lowest delay-period activities, respectively, were observed.
Calculation of the Best Direction of Delay-Period Activity A tuning curve was constructed to estimate the best direction of delayperiod activity quantitatively. The tuning curve was obtained by fitting the mean spike rates of the delay-period activity across all cue directions for the ODR task or all saccade directions for the S-ODR task to the following Gaussian function:
where f(d) is the discharge rate of delay-period activity as a function of the cue location d (ODR task) or of the saccade direction d (S-ODR task). The constant B is the baseline discharge rate, R is the discharge rate above the baseline discharge rate for the best direction, D is the best direction where the discharge rate of delay-period activity would be highest according to the fitted Gaussian curve, and Td is an index of the tuning width.
ROC Analysis
A receiver operating characteristic (ROC) analysis was performed to examine how directional information was generated and enhanced during the delay period. ROC analysis has often been used to analyze the temporal pattern of the response selectivity of neuron activity (Britten et al. 1992; Shadlen and Newsome 1996; Thompson et al. 1996) . By calculating ROC values using sliding time windows of a short period, we were able to examine the temporal change of the strength of the directional selectivity of the delay-period activity. A time window of 240 ms was established to calculate ROC values, with movement of the window in 20-ms steps from the start of the cue period to the end of the response period. For each time window, distributions of discharge rates were obtained for the maximum and minimum response directions of neurons by calculating trial-by-trial mean discharge rates of the activity. Based on the separation of these 2 distributions, we constructed the ROC curve and calculated the area under the ROC curve in each time window. In constructing the ROC curve, 100 criterion discharge rates were specified evenly between the maximum and minimum discharge rates among all the trials pooled across the maximum and minimum response directions. For discharge rate distributions of both maximum and minimum response directions of a neuron, we calculated the ratio of trials in which the mean discharge rates were smaller than each criterion discharge rate. The ROC curve was obtained by plotting the resultant ratios. The area under the ROC curve (ROC value) was calculated as the sum of the areas of 100 trapezoids.
Results
Database
We recorded 544 single-neuron activities from 2 monkeys (monkey R, n = 245; monkey Z, n = 299) from the cortex within and surrounding the principal sulcus while monkeys performed the ODR and S-ODR tasks. Among the 544 activities, 433 were recorded during the performance of both tasks. For these 433 activities, we statistically tested whether task-related activity was observed (Mann--Whitney U-test, P < 0.05) and whether task-related activity exhibited directional selectivity (ANOVA, P < 0.05). As a result, 176 neurons exhibited directional task-related activity during at least one task epoch in the ODR task (cue-period activity, n = 81; delay-period activity, n = 65; response-period activity, n = 109).
Contributions of Directional Delay-Period Activity to the Decision Process of the Saccade Direction in the S-ODR Task Of 65 neurons with directional delay-period activity in the ODR task, 26 (40%) also showed directional delay-period activity in the S-ODR task. Figure 2 shows an example of directional delayperiod activity in both tasks. In the ODR task ( Fig. 2A) , significant delay-period activity was observed when the visual cue was presented in the 90°direction (Mann--Whitney U-test; 90°, z = -3.59, P < 0.001). Delay-period activity was directionally selective (ANOVA, F = 21.55, degrees of freedom [df] = [3, 37], P < 0.001). The maximum and minimum response directions were 90°and 270°, respectively, and the best direction obtained from the tuning curve was 96.3°. In the S-ODR task (Fig. 2B ), significant delay-period activity was observed in all saccade directions (Mann--Whitney U-test; 0°, z = -3.95, P < 0.001; 90°, z = -3.95, P < 0.001; 180°, z = -2.38, P < 0.05; 270°, z = -2.62, P < 0.01). Significant directional selectivity was also observed (ANOVA, F = 7.28, df = [3, 81], P < 0.001). The best direction was 95.3°, which was almost identical to that in the ODR task. Of 26 neurons with directional delay-period activity in both the ODR and S-ODR tasks, the difference between the best directions in the 2 tasks was less than 45°in 21 neurons (81%). For these 21 neurons, the mean difference between the best directions in the tasks was 24.4 ± 12.2°(mean ± standard deviation) and the median was 27.3°. These results indicate that neurons with directional delay-period activity in the ODR task also exhibit directional delay-period activity in the S-ODR task with similar directional preferences. This suggests that neurons with directional delay-period activity participate in the generation of information regarding the forthcoming saccade direction and that the decision process of the saccade direction operates during the delay period in the S-ODR task.
A comparison of the histograms constructed from the population of delay-period activities during the 2 tasks and the result of ROC analysis further support this notion. Figure 3A shows population histograms of delay-period activity in the maximum and minimum response directions in the ODR task (n = 65), and Figure 3B shows population histograms of delayperiod activity of the same neurons in the S-ODR task in the maximum and minimum response directions obtained in the ODR task. The persistence of directional delay-period activity is evident in the S-ODR task (Fig. 3B) , although the magnitude of activity is weaker in the S-ODR task than in the ODR task (Fig.  3A) . Figure 3C shows the temporal change of the strength of the directional selectivity (ROC values) in the ODR and S-ODR tasks. In the ODR task, the ROC values began to increase during the cue period and persisted throughout the delay period. In contrast, in the S-ODR task, the increase of ROC values was not prominent until the beginning of the delay period. The ROC values then gradually increased toward the timing of the saccade initiation. Therefore, the gradual increase of ROC values observed during the S-ODR task may reflect the buildup process of the directional bias for the forthcoming saccade, and thus, neurons showing directional delay-period activity may be important participants in the decision process of the saccade direction in the S-ODR task.
Classification of Directional Delay-Period Activity in the ODR Task As shown in Figure 4 , the delay-period activity exhibited various temporal patterns in the maximum response direction in the ODR task. For example, some neurons showed increasing activity ( Fig. 4A-1 , ''neuron r29301''), whereas others showed temporally convex ( Fig. 4A -2, ''neuron z11702'') or decreasing activity ( Fig. 4A-3 , ''neuron z10101''). Moreover, in the ODR task, delay-period activity also showed variations in the temporal pattern of the strength of the directional selectivity. For example, in ''neuron r29301'' ( Fig. 4B-1 ), delay-period activity showed significant directional selectivity throughout the 3-s delay period. However, in ''neuron z11702'' ( Fig. 4B-2 ), delayperiod activity exhibited significant directional selectivity only during the last 2 s of the delay period, whereas in ''neuron z10101'' (Fig. 4B-3 ) delay-period activity showed significant directional selectivity only during the first 2 s of the delay period. Thus, to identify which characteristics of delay-period activity contributed most significantly to the decision process of the saccade direction in the S-ODR task, we classified directional delay-period activity in the ODR task based on 2 characteristics: the temporal pattern of the strength of the directional selectivity and the temporal pattern of the delayperiod activity itself in the maximum response direction.
Before classifying delay-period activity, we first selected neurons that showed directional delay-period activity for at least a fraction of the 3-s delay period in the ODR task. For this purpose, we divided the 3-s delay period into three 1-s delay epochs (D1, D2, and D3 epochs). Then, for each delay epoch, we separately examined whether delay-period activity exhibited directional selectivity by ANOVA (P < 0.05/3, corrected for multiple comparisons). Neurons showing significant directional selectivity during at least one delay epoch were considered to represent specific directional information in the ODR task and were included in our database for further analysis. Among 433 neurons recorded during both the ODR and S-ODR tasks, 124 neurons were selected for this analysis.
Temporal Pattern of the Strength of the Directional Selectivity Delay-period activity was classified based on the temporal pattern of the strength of the directional selectivity in the ODR task. For each of 124 neurons, the number ''0'' or ''1'' was given to each 1-s delay epoch (D1, D2, and D3 epochs) to indicate the presence or absence of directional selectivity, respectively. For example, the neuron shown in Figure 4B -1 was assigned a (1, 1, 1) pattern because directional delay-period activity was observed in all time epochs. In contrast, the neuron Figure 4B -2 was assigned a (0, 1, 1) pattern because directional delay-period activity was only observed in the D2 and D3 epochs. Thus, the 124 neurons were classified into 7 groups based on the temporal pattern of the strength of the directional selectivity during the delay period in the ODR task. The numbers of neurons classified into each group was as follows: (1, 1, 1), n = 16; (1, 0, 1), n = 5; (0, 1, 1), n = 11; (0, 0, 1), n = 34; (0, 1, 0), n = 21; (1, 0, 0), n = 29; (1, 1, 0), n = 8.
We then examined whether the neurons in each group exhibited directional selectivity during at least one delay epoch in the S-ODR task by ANOVA (P < 0.05/3). If this was the case, we further compared the mean best directions (MD ODR and MD S-ODR ) in the 2 tasks to determine whether activity exhibited a similar directional preference in the 2 tasks. Mean best direction was calculated as follows. For neurons with directional selectivity during at least one delay epoch, we determined the best direction separately for each delay epoch. The obtained best directions were averaged, and the resultant direction was defined as the mean best direction of a neuron in the ODR (MD ODR ) or S-ODR task (MD S-ODR ). For example, if a neuron showed directional selectivity during the D2 and D3 epochs in the ODR task, we determined the best directions separately for the D2 and D3 epochs. Then, MD ODR was calculated as the mean of the best directions in the D2 and D3 epochs. If this neuron showed directional selectivity during the D3 epoch in the S-ODR task, the best direction during the D3 epoch was regarded as MD S-ODR . In computing MD ODR or MD S-ODR , delay epochs not showing directional selectivity were ignored because we wanted to extract only effective directional information represented by the delay-period activity. If the difference between MD ODR and MD S-ODR was less than 45°, the neuron was considered to exhibit a similar directional selectivity between the 2 tasks.
As shown in Table 1 , a high proportion (12/16, 75%) of neurons classified with a (1, 1, 1) directional pattern in the ODR task showed directional selectivity during at least one delay epoch in the S-ODR task. In all 12 neurons, the differences between MD ODR and MD S-ODR were less than 45°. The mean difference between MD ODR and MD S-ODR was 18.1°, and the median was 12.5°. On the other hand, among 29 neurons classified with a (1, 0, 0) directional pattern, only 5 (17%) showed directional selectivity during at least one delay epoch in the S-ODR task. In one neuron, the difference between MD ODR and MD S-ODR was 44°, whereas in the remaining 4 neurons, the differences between MD ODR and MD S-ODR were 48°, 93°, 137°, and 173°, respectively. Among 8 neurons classified with a (1, 1, 0) directional pattern, only one (13%) showed directional selectivity in the S-ODR task and the difference between MD ODR and MD S-ODR was 153°. These results indicate that neurons classified with a (1, 1, 1) directional pattern also tended to show directional selectivity in the S-ODR task with a directional preference similar to that in the ODR task. Therefore, these results suggest that neurons classified with a (1, 1, 1) directional pattern are the strongest source of directional bias during the delay period in the S-ODR task. In contrast, neurons classified with (1, 0, 0) and (1, 1, 0) directional patterns may not produce effective directional information during the delay period in the S-ODR task.
Temporal Pattern of Delay-Period Activity in the Maximum Response Direction Delay-period activity in the ODR task can also be classified based on the temporal pattern of the activity itself in the maximum response direction. For the preselected 124 neurons, we first calculated the mean discharge rate in the maximum response direction separately for the D1, D2, and D3 epochs. Then, we compared these mean discharge rates across delay epochs and classified the delay-period activity into 4 types based on the temporal pattern of activity (Fig. 5A ). Types A (n = 38) and C (n =32) refer to activity showing increasing (D1 < D2 < D3) and decreasing (D1 > D2 > D3) patterns across delay epochs, respectively. Types B (n = 27) and D (n = 27) refer to activity showing temporally convex (D1 < D2 > D3) and concave patterns (D1 > D2 < D3) across delay epochs, respectively.
Population histograms of delay-period activity were constructed for each activity type for the maximum and minimum response directions in the ODR task (Fig. 5B) . Similar population histograms were also constructed for each type of delayperiod activity in the S-ODR task (Fig. 5C ) for the maximum and minimum response directions obtained in the ODR task. A comparison of population histograms between the ODR and S-ODR tasks revealed that only neurons showing type A activity exhibited differential activation between the maximum and minimum response directions during the delay period in the S-ODR task. Prominent delay-period activity observed in the maximum response direction during the ODR task disappeared in the S-ODR task for the remaining types of activity. These results indicate that only neurons showing type A delay-period activity in the ODR task exhibited differential activation between the maximum and minimum response directions in the S-ODR task.
To further examine whether neurons showing type A delayperiod activity in the ODR task maintained the same type of delay-period activity in the S-ODR task, we compared the temporal pattern of delay-period activity in the maximum response direction in the 2 tasks. As seen in Table 2 , a majority of neurons exhibited the same temporal pattern of delay-period activity in both tasks. A comparison among neurons with the 4 types of delay-period activity showed that a large proportion of neurons with type A delay-period activity in the ODR task (21/ 38, 55%) also showed type A activity in the S-ODR task. These results further support the hypothesis that neurons with type A delay-period activity in the ODR task play an important role in differential activation between the maximum and minimum response directions in the S-ODR task. Figure 6 shows the comparison of the distribution of mean discharge rates for the maximum and minimum response directions between the ODR and S-ODR tasks for each of the 4 types of delay-period activity. Although the discharge rates differed from neuron to neuron, a significant difference in discharge rates was observed between the maximum and minimum response directions for all types of delay-period activity during all delay epochs in the ODR task (Wilcoxon signed-rank test, P ( 0.001 for all conditions). In the S-ODR task, the number of neurons exhibiting significant directional selectivity decreased for all types of delay-period activity. However, in neurons with type A delay-period activity (Fig.  6A) , the distribution bias toward more neurons exhibiting higher discharge rates in the maximum response direction, compared with the minimum response direction, was statistically significant in all delay epochs of the S-ODR task (Wilcoxon signed-rank test, D1, P < 0.05; D2, P < 0.05; D3, P < 0.001; n = 38). In addition, distributions of discharge rates began to slant toward the maximum response direction with progress of the delay period in the S-ODR task, indicating a gradual increase of the magnitude of delay-period activity in the maximum response direction. In neurons with type B delay-period activity (Fig. 6B) , the distribution bias toward more neurons exhibiting higher discharge rates in the maximum response direction, compared with the minimum response direction, was statistically significant in the D2 and D3 epochs of the S-ODR task (Wilcoxon signed-rank test, D2, P < 0.01; D3, P < 0.05, n = 27), but the magnitude of delay-period activities in the maximum response direction was attenuated in the S-ODR task, compared with those in the ODR task. In contrast, in neurons with delayperiod activity of types C and D (Fig. 6C,D) , the distribution bias was not significant in all delay epochs of the S-ODR task (Wilcoxon signed-rank test; type C activity, n = 32; D1, P = 0.07; D2, P = 0.15; D3, P = 0.28; type D activity, n = 27; D1, P = 0.57; D2, P = 0.97; D3, P = 0.336). Thus, these results indicate that neurons with type A delay-period activity in the ODR task conveyed directional information during the delay period in the S-ODR task.
Relationships between the Temporal Pattern of the Directional Selectivity and the Temporal Pattern of the Delay-Period Activity
To understand what types of delay-period activity mainly contribute to the decision process of the saccade direction in the S-ODR task, we examined the relationships between the temporal pattern of the strength of the directional selectivity and the temporal pattern of the delay-period activity itself in the maximum response direction. Figure 7 shows an example of a neuron that exhibited type A delay-period activity coupled with a (1, 1, 1) directional pattern Note: The first and second columns show 7 patterns of directional selectivity in the ODR task and the number of neurons that exhibited corresponding patterns of directional selectivity in the ODR task. The third and fourth columns show the number of neurons that exhibited directional selectivity during at least one delay epoch in the S-ODR task and the comparison of directional preferences between 2 tasks (|MDODR À MDS-ODR|). The fifth column shows the number of neurons that exhibited a similar directional preference between 2 tasks (|MDODR À MDS-ODR| \ 45°).
i94 Prefrontal Activity during a Free-Choice ODR Task d Watanabe and Funahashi in the ODR task. In the ODR task, this neuron showed directional selectivity across all delay epochs (ANOVA, all P < 0.05/3; best directions in the D1, D2, and D3 epochs, 319°, 318°, and 317°, respectively; MD ODR = 318°) with type A activity in the maximum response direction (0°). In the S-ODR task, this neuron also showed directional selectivity across all delay epochs (ANOVA, all P < 0.05/3; best directions in the D1, D2, and D3 epochs, 319°, 319°, and 318°; MD S-ODR = 318.5°) and also showed type A activity in the maximum response direction. Thus, this neuron showed persistent directional delay-period activity in both tasks with very similar directional preferences in the 2 tasks (|MD ODR -MD S-ODR | = 0.5°). Table 3 summarizes these analyses and shows several important observations. First, type A delay-period activity tended to be coupled with (1, 1, 1), (0, 1, 1), and (0, 0, 1) directional patterns in the ODR task. This type of delay-period activity tended to exhibit directional selectivity during at least one delay epoch in the S-ODR task with similar directional preferences in the 2 tasks. In contrast, type C delay-period activity tended to be coupled with (1, 1, 0) and (1, 0, 0) directional patterns in the ODR task, and this type of delay-period activity scarcely exhibited directional selectivity in the S-ODR task. Type B Figure 5 . Differences in the temporal pattern of delay-period activity. (A) Four types of delay-period activity were classified by comparing mean discharge rates among the D1, D2, and D3 epochs in the ODR task. Type A activity, D1 \ D2 \ D3; type B activity, D1 \ D2 % D3 \ D2; type C activity, D1 [ D2 [ D3; and type D activity, D1 [ D2 % D3 [ D2. (B) Population histograms of each type of delay-period activity (type A activity, n 5 38; type B activity, n 5 27; type C activity, n 5 32; type D activity, n 5 27) in the maximum (solid line) and minimum (dashed line) response directions in the ODR task. (C) Population histograms of each type of delay-period activity in the maximum (solid line) and minimum (dashed line) response directions in the S-ODR task. The maximum and minimum response directions were determined based on the activity in the ODR task. The histogram bin width is 20 ms. (4) Note: The number of neurons that exhibited each type of delay-period activity is shown outside the parentheses. The numbers in parentheses indicate the number of neurons that exhibited significant differences in mean discharge rates across the D1, D2, and D3 epochs (ANOVA, P \ 0.05) at the maximum response direction in the ODR or S-ODR tasks. Maximum response directions were determined on the basis of the activity in the ODR task.
delay-period activity was coupled with most of the directional selectivity patterns in the ODR task. All 4 neurons with type B activity coupled with a (1, 1, 1) directional pattern in the ODR task showed directional selectivity during at least one delay epoch in the S-ODR task with similar directional preferences in the 2 tasks. To elucidate how directional bias for the forthcoming saccade direction was generated and enhanced during the delay period of the S-ODR task, we constructed population histograms and calculated ROC values using activities of neurons that exhibited directional delay-period activity in both tasks with similar directional preferences (type A activity coupled with a [1, 1, 1] directional pattern, n = 8; type A activity coupled with [0, 1, 1] and [0, 0, 1] directional patterns, n = 6; type B activity coupled with a [1, 1, 1] directional pattern, n = 4). Figure 8A ,B shows population histograms for each group of activities in the ODR and S-ODR tasks calculated from activities in the maximum and minimum response directions. Figure 8C shows the temporal changes of ROC values for each group in the 2 tasks. Directional biases during the delay period of the S-ODR task gradually increased toward the timing of execution of the saccade in all these groups. Neurons exhibiting type A delayperiod activity coupled with a (1, 1, 1) directional pattern and type B delay-period activity coupled with a (1, 1, 1) directional pattern in the ODR task began to show directional bias during the cue period in the S-ODR task. Neurons exhibiting type A delay-period activity coupled with (0, 1, 1) and (0, 0, 1) directional patterns in the ODR task followed the trend of the other groups during the delay period in the S-ODR task. Thus, these results indicate that neurons exhibiting type A activity coupled with a (1, 1, 1) directional pattern and type B activity coupled with a (1, 1, 1) directional pattern in the ODR task play an essential role in generating and enhancing information regarding the forthcoming saccade direction in the S-ODR task.
Discussion
In the present study, we aimed to identify the types of directional delay-period activity that contribute most significantly to the decision of the saccade direction in the S-ODR task. Directional delay-period activity observed in the ODR task was classified on the basis of 2 criteria: the temporal pattern of Figure 6 . Scatter diagrams showing variability and bias in the distribution of mean discharge rates in the D1, D2, and D3 delay epochs in the ODR (open circle) and S-ODR tasks (filled circle). Mean discharge rates for the maximum response direction in the D1, D2, and D3 epochs are plotted against those for the minimum response direction. The maximum and minimum response directions were determined based on the activity in the ODR task. The horizontal and vertical axes represent mean discharge rates for the maximum and minimum response directions, respectively. (A) Neurons with type A delay-period activity in the ODR task (n 5 38). (B) Neurons with type B delay-period activity in the ODR task (n 5 27). (C) Neurons with type C delay-period activity in the ODR task (n 5 32). (D) Neurons with type D delay-period activity in the ODR task (n 5 27).
the strength of the directional selectivity and the temporal pattern of the delay-period activity itself in the maximum response direction. Comparison of the characteristics of delay-period activity in the same neuron between the ODR and S-ODR tasks revealed that increasing or temporally convex types of delay-period activity with persistent directional selectivity throughout the delay period in the ODR task play an essential role in generating and enhancing directional information regarding the forthcoming saccade in the S-ODR task. These results indicate the importance of the prefrontal cortex in the decision process of the saccade direction in the S-ODR task. The results also indicate the importance of neurons with directional delay-period activity as essential neural substrates in the decision-making process.
Types of Directional Delay-Period Activity Contributing to the Decision Process of the Saccade Direction in the S-ODR Task In our previous report (Watanabe et al. 2006) , we suggested that neurons with directional delay-period activity in the ODR task showed differential activation depending on the direction of the saccade that the monkeys freely chose in the S-ODR task. This result suggests that neurons with directional delay-period activity in the ODR task participate in the decision process of the saccade direction in the S-ODR task. However, the temporal pattern and the directional tuning of the delay-period activity are different from neuron to neuron in the DLPFC (Funahashi et al. 1989) . Therefore, in the present study, we aimed to identify which types of delay-period activity play the most significant role in the decision process of the saccade direction in the S-ODR task.
Prefrontal neurons showed a variety of temporal patterns of delay-period activity. For example, the delay-period activity of some neurons showed a gradual increase toward the initiation of the saccade, whereas that of other neurons showed a gradual decrease in the best direction. It has been suggested that the difference in temporal pattern observed in delay-period activity reflects a difference in functional roles, such that gradually decreasing types of delay-period activity tend to represent information regarding the sensory stimulus presented during the cue period (cue-coding activity), whereas gradually increasing types of activity tend to represent information regarding the forthcoming motor response (response-coding activity) Fuster 1992, 1999; Constantinidis et al. 2001a; Funahashi 2002, 2004; Fukushima et al. 2004) . Moreover, it has been shown that prefrontal delay-period activity exhibits variation in directional selectivity during ODR performance (Funahashi et al. 1989; Sawaguchi and Yamane 1999) . For example, some neurons showed broadly tuned directional selectivity, whereas others showed sharply tuned Figure 7 . (A) An example of a neuron with type A activity coupled with a (1, 1, 1) directional pattern of delay-period activity in the ODR task. The polar plot shows the mean discharge rates during the D1 (solid black line), D2 (solid gray line), and D3 (dashed gray line) delay epochs. Mean discharge rates in the D1, D2, and D3 epochs for the maximum response direction (0°) were 14.2, 19.7, and 23.8 spikes/s. Significant directional selectivity was observed in all epochs (ANOVA, all P \ 0.001). (B) The activity of the same neuron in the S-ODR task. Significant directional selectivity was observed in all epochs (ANOVA, D1, P \ 0.01; D2, P \ 0.005; and D3, P \ 0.001). The histogram bin width is 20 ms.
Table 3
Relationships between the temporal pattern of directional selectivity and the temporal pattern of delay-period activity in the ODR and S-ODR tasks directional selectivity (Funahashi et al. 1989) . Therefore, in the present study, to identify which types of delay-period activity contributed most significantly to the decision process of the saccade direction in the S-ODR task, we classified the delayperiod activity observed in the ODR task based on the temporal pattern of the strength of the directional selectivity and the temporal pattern of the delay-period activity itself in the maximum response direction. We then examined which types of delay-period activity in the ODR task also showed directional selectivity in the S-ODR task. A high proportion of neurons with increasing or sustained delay-period activity with temporally persistent directional selectivity in the ODR task (types A and B activities coupled with a [1, 1, 1] directional pattern) also held effective directional information in the S-ODR task. On the contrary, neurons exhibiting decreasing delay-period activity with directional selectivity only present during the early phase of the delay period in the ODR task (type C activity coupled with [1, 1, 0] and [1, 0, 0] directional patterns) did not exhibit directional selectivity in the S-ODR task. In the ODR task, both neurons exhibiting cue-coding activity and neurons exhibiting responsecoding activity could be activated, because the visual cue indicated the correct saccade direction, and because the saccade planning took place before the end of the delay period. However, in the S-ODR task, only response-coding activity persists, because saccade direction was not externally indicated by a visual stimulus during the cue period, and because information regarding the forthcoming saccade direction needed to be generated during the delay period.
The decreasing types of delay-period activity that exhibited directional selectivity only during the early phase of the delay period in the ODR task might be classified as cue-coding activity, and these types of delay-period activity did not exhibit directional selectivity in the S-ODR task. In the S-ODR task, the disappearance of directional selectivity among neurons with cue-coding activity may be caused by the task, in which the 4 visual stimuli did not indicate a specific saccade direction. It is also possible that simultaneous presentation of visual stimuli within and outside the receptive field of a neuron induces inhibitory interactions among groups of neurons favoring different preferred directions (Rao et al. 1999; Inoue and Funahashi 2002 ). Although we cannot specify the underlying neuronal mechanisms, our results indicate that this activity did not convey directional information during the delay period in In the S-ODR task, the maximum and minimum response directions were determined based on the activity in the S-ODR task. All data are aligned at the start of the delay period. the S-ODR task and suggest that this activity is not directly related to the decision of the saccade direction in the S-ODR task.
In contrast, the increasing types of delay-period activity that exhibited directional selectivity that persisted throughout or during the late phase of the delay period in the ODR task might be classified as response-coding activity. These types of delayperiod activity persistently showed directional selectivity in both tasks with very similar directional preferences. Therefore, it could be concluded that this activity represents information regarding the forthcoming saccade direction in both tasks and thus plays an important role in the decision of the saccade direction.
Whether the increasing directional delay-period activity observed in the S-ODR task directly represents the decision process of the saccade direction or merely reflects the outcome of the decision is not certain based on the present results. In the S-ODR task, saccade planning and execution processes need to be activated, and in our previous study (Watanabe et al. 2006) , we showed that presaccadic activity exhibited directional selectivity in both tasks with very similar directional preferences. Directional presaccadic activity could contribute to the saccade execution process. Neurons with type A delay-period activity coupled with (1, 1, 1), (0, 1, 1), and (0, 0, 1) directional patterns in the ODR task also showed increasing directional delay-period activity when the monkeys made a saccade toward the preferred direction of the neurons in the S-ODR task. Thus, type A delay-period activity may represent enhancement of directional information about the forthcoming saccade in the S-ODR task. As seen in Figures 3B and 5C , neuronal activity was enhanced after the visual cue presentation, even in trials in which the monkey made a saccade toward the minimum response direction of the neurons. This trend is evident when comparing the activity between the maximum and minimum response directions in the ODR task (see Figs 3A and 5B). However, this initial activation was not followed by a prominent increase of activity when the monkey made a saccade toward the minimum response direction of the neurons. These observations suggest that neuronal signals favoring different saccade directions compete with each other during the early phase of the delay period in the S-ODR task and that only winning directional information is further enhanced in the course of the delay period. Thus, it is suggested that the activity during the early delay period corresponds to the ongoing decision process of the saccade direction and that the activity during the latter phase of the delay period corresponds to the planning or preparation of a particular saccade.
Other Sources of Directional Information during Performance of the S-ODR Task
Other populations of neurons may also contribute to the generation and enhancement of directional information during the delay period of the S-ODR task. One example would be a group of neurons that exhibited directional delay-period activity only in the S-ODR task. Among 433 neurons recorded during the ODR and S-ODR tasks, 19 exhibited directional selectivity in the D1, D2, and/or D3 epochs only in the S-ODR task. All these neurons showed directional selectivity in one delay epoch (D1, n = 6; D2, n = 5; D3, n = 8) of the S-ODR task. It has been shown that prefrontal neurons often exhibit taskspecific activity (Hoshi et al. 1998; White and Wise 1999; Asaad et al. 2000; Wallis et al. 2001) . For example, Hoshi et al. (1998) showed that a subset of movement-related neurons in the DLPFC exhibited task-specific activation depending on whether the location or the shape of the visual cue guided the direction of the reaching behavior of the monkey. White and Wise (1999) also showed that the magnitude of task-related activity was modulated by the rules of the task. Takeda and Funahashi (2002) observed that a number of DLPFC neurons exhibited task-related activity only when monkeys performed either the ODR task or the R-ODR tasks. Directionally selective delayperiod activity observed only in the S-ODR task in 19 neurons is task-specific activation. Because these 19 neurons exhibited directionally selective delay-period activity only in the S-ODR task, the activity of these 19 neurons may participate in the generation and enhancement of directional information regarding the forthcoming saccade in the S-ODR task.
Neural Mechanisms Underlying the Decision Process of the Saccade Direction in the S-ODR Task Figure 9 shows temporal changes of ROC values in the S-ODR task for 4 groups of delay-period activity that showed directional selectivity during at least one delay epoch in the S-ODR task (type A activity with a [1, 1, 1] directional pattern, type B activity with a [1, 1, 1] directional pattern, type A activity with a [0, 1, 1] directional pattern, and type A activity with a [0, 0, 1] directional pattern). For neurons with type A activity with a (1, 1, 1) directional pattern and neurons with type B activity with a (1, 1, 1) directional pattern, ROC values began to increase during the cue period in the S-ODR task. For neurons with type A activity with a (0, 1, 1) directional pattern and neurons with type A activity with a (0, 0, 1) directional pattern, ROC values began to increase about 1 s after the start of the delay period. The difference in the timing of the increase in ROC values suggests that, in the S-ODR task, both neurons with type A activity with a (1, 1, 1) directional pattern and neurons The maximum and minimum response directions were determined on the basis of the activity in the S-ODR task. The width of the time window is 300 ms, and the window was moved every 100 ms from the cue presentation until the end of the response period. Blue solid line, type A activity with a (1, 1, 1) directional pattern (n 5 8); blue dashed line, type B activity with a (1, 1, 1) directional pattern (n 5 4); red solid line, type A activity with a (0, 1, 1) directional pattern (n 5 2); red dashed line, type A activity with a (0, 0, 1) directional pattern (n 5 4).
with type B activity with a (1, 1, 1) directional pattern start to lead the directional trend in the neuronal population in the early phase of the delay period and have a directional influence on neurons with type A activity with (0, 1, 1) and (0, 0, 1) directional patterns. As a result, delay-period activity of a large number of neurons would exhibit substantial directional bias toward a specific saccade direction at the end of the delay period. Previous studies (Funahashi and Inoue 2000; Constantinidis et al. 2001b) have shown that functional interactions of prefrontal neuron pairs with similar directional preferences were observed in various task periods in the ODR task, including the delay period. Therefore, in the S-ODR task, neurons with delay-period activity with a similar directional preference would interact with each other and generate and enhance directional bias in a population level to prepare for the forthcoming saccade.
Although neurons with particular types of delay-period activity (response-coding activity) play an important role in deciding the direction of the forthcoming saccade, it is not clear how one particular direction of the saccade is selected among other possible directions, how functional interactions among neurons exhibiting similar or different directional preferences bring about one particular direction of the saccade, and when the direction of the saccade is finally decided during the delay period. Answers to these important questions in future studies will increase the understanding of how the prefrontal cortex participates in the decision of the saccade direction in the S-ODR task. 
